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Exploring the ‘‘Hair Growth–Wound Healing
Connection’’: Anagen Phase Promotes Wound
Re-Epithelialization
David M. Ansell1, Jennifer E. Kloepper2, Helen A. Thomason1, Ralf Paus2,3 and Matthew J. Hardman1
When the skin is damaged, a variety of cell types must migrate, proliferate, and differentiate to reform a
functional barrier to the external environment. Recent studies have shown that progenitor cells residing in hair
follicles (HFs) are able to contribute to this re-epithelialization of wounds in vivo. However, the influence of the
hair cycle on wound healing has not previously been addressed. Here, we have exploited spontaneous
postnatal hair-cycle synchronicity in mice to systematically examine the influence of the different hair-cycle
stages on murine skin wound healing. We report significant acceleration of healing during the anagen phase of
HF cycling in vivo, associated with alterations in epithelial, endothelial, and inflammatory cell types. Intriguingly,
gene profiling data reveal a clear correlation between the transcription of genes beneficial for wound healing
and those upregulated during the anagen phase of the hair cycle in unwounded skin. These findings, which
demonstrate a previously unappreciated association between HF cycling and wound healing, reveal numerous
molecular correlates for further investigation.
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INTRODUCTION
The hair follicle (HF), one of the most functionally diverse
mini-organs in the mammalian body, mediates functions as
varied as thermal homeostasis, structural protein and
hormone biosynthesis, immune defence, UV protection,
sensory perception, and social signaling (Schneider et al.,
2009). Over several decades, intensive research has char-
acterized the phenotypical flexibility and immense prolifera-
tive capacity of HF cells under conditions of homeostasis. In
contrast, although correlation between the HF and skin
wound healing/regeneration has long been noted, only
recently has the molecular and cellular basis for these
observations begun to be addressed.
Early evidence from self-experimentation (Bishop, 1945)
and studies in guinea pigs (Pepper, 1954) revealed that
shallow wounds, where portions of HFs remained intact,
healed more quickly. Elegant recent studies have shown
that a substantial portion of the neoepidermis in wounded
skin is indeed provided by epithelial stem cells residing in
the HF (Ito et al., 2005; Levy et al., 2007; Snippert et al.,
2010). This response seems specific to wounding, as the
HF does not appear to contribute to epithelial homeostasis
under physiological conditions (Ito et al., 2005; Levy et al.,
2005). The specialized, inductive mesenchyme of the
HF, namely its connective tissue sheath and the progenitor
cells it harbors (Lau et al., 2009; Tiede et al., 2009), may
also have an important, hitherto underappreciated role in
wound healing (Jahoda and Reynolds, 2001; Gharzi et al.,
2003). The functional significance of HFs in wound repair
was demonstrated by Langton et al., 2008 who showed a
delayed initial healing response in the absence of murine tail
skin HFs.
Owing to its rich endowment with stem cell populations
(Stenn and Paus, 2001; Nishimura et al., 2002; Jahoda et al.,
2003; Tiede et al., 2007; Schneider et al., 2009), the HF has
an astounding regenerative capacity, engaging in a lifelong
cycle of organ regression and regeneration, the hair cycle
(Schneider et al., 2009). In rodents, this cycling is extremely
rapid, with a full murine hair cycle lasting just 3 to 4 weeks.
The role of HF cycling in normal skin physiology has been
extensively characterized (e.g., Chase et al., 1951; Chase,
1954; Straile et al., 1961 and others), yet only a single
historical study has alluded to a role for hair cycling in
influencing burn wound repair (Zawacki and Jones, 1967).
Remodeling during HF cycling mirrors aspects of wound
repair (Stenn and Paus, 2001), e.g., hair growth is associated
with significant angiogenesis (Mecklenburg et al., 2000), a
phenomenon that should facilitate wound healing. However,
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a functional link between HF cycling and tissue repair has not
yet been reported.
In this study, we systematically document the influence
of defined hair-cycle stages on wound healing and
demonstrate a significant and substantial correlation
between the hair cycle and the efficiency of wound repair
in C57Bl/6 mouse skin, which, to our knowledge, has not
previously been reported. Moreover, comparative analysis
reveals a previously unappreciated but extensive correlation
at the level of gene expression between these two indepen-
dent processes. Thus, we identify key molecular players
and future targets in the ‘‘hair growth–wound healing
connection’’.
RESULTS
Cutaneous wound healing is substantially accelerated during
the anagen stage of hair cycle
During the first 7 to 8 weeks of postnatal development,
mouse pelage follicle cycling is synchronous, progressing as a
caudal-to-rostral wave (Schneider et al., 2009). Our experi-
mental design, devised around the first postnatal hair
cycle (Supplementary Figure S1 online), exploited this
synchronicity to asses incisional wound healing in the
telogen, anagen, and catagen stages of HF cycling. Moreover,
using a relatively short healing window (3 days), the speed of
healing could be correlated with a tightly defined hair-cycle
stage. Wound healing was significantly accelerated (pro-
nounced reduction in wound area) when mice were
wounded in the late anagen compared with the catagen or
telogen hair-cycle stage (Figure 1a and b). Wound
re-epithelialization was also significantly accelerated in
anagen skin (Figure 1c), suggesting an enhanced contri-
bution of epithelial HF cells to epidermal regeneration.
Interestingly, hair-cycle stage at collection did not
appear important, evidenced by near identical healing
between mouse groups wounded in anagen (postnatal day
(P) 32 and P38) but collected in late anagen (P35) versus
catagen (P41).
The temporal kinetics of healing was further explored via
planimetric measurements of excisional wounds (Figure 1e
and f). These revealed no difference in initial wound size
between anagen (P35) and telogen (P45; i.e., minimal wound
gaping or skin elasticity difference), but faster subsequent
wound closure in the anagen group. Histological analysis
confirmed an increased rate of re-epithelialization in the
anagen group (Figure 1g). Moreover, we exclude effects of
potential differences in HF density (arising from postnatal
growth between chosen time points) as anagen also promoted
healing following depilation-induced HF synchronization in
adult mice (data not shown).
Accelerated healing is accompanied by changes in epithelial,
inflammatory, and endothelial components of the repair
process
To characterize the cellular basis of accelerated healing in
skin containing anagen follicles, changes in wound proteins
associated with aspects of the hair cycle and/or cutaneous
repair response were profiled.
Epithelium. Recent research has highlighted an important
role for HF-derived stem cells in wound re-epithelialization
(Ito et al., 2005; Levy et al., 2007). Thus, we performed a
detailed investigation of regional and temporal changes in
epithelial proliferation during hair cycle-modulated wound
repair (Figure 2). There was a pronounced increase in
proliferation of skin peri-wound HF outer root sheath and
interfollicular epidermis (IFE; reported as a percentage of total
cells) 24 hours after wounding (Figure 2c and d) before
commencement of re-epithelialization (Figure 2a and b),
which was significantly greater in anagen tissue. By 48 and
72 hours, this shifted to increased proliferation in telogen HF
and/or IFE, in tandem with a phenotypic delay in re-epi-
thelialization (Figure 2d). A similar extended proliferative
response has been reported in the absence of HFs (Langton
et al., 2008), and most likely represents a common
compensatory mechanism invoked in response to delayed
re-epithelialization.
Next, we examined expression of key markers for
epidermal differentiation during HF cycling in both wounded
and unwounded skin (Figure 3). We observed no gross
differences in early differentiation (keratin 14), suprabasal
differentiation (keratin 1), or hyperproliferation (keratin 6)
between anagen and telogen unwounded IFE or wound
epidermis (Figure 3a and c). We did however observe
enhanced expression of the late terminal differentiation
marker, loricrin, in the regenerating epidermis of anagen
wounds (Figure 3d, Box; 12-fold increase in relative
expression intensity comparing equivalent regions,
Po0.05). Thus, perturbed wound re-epithelialization in
telogen cycle stage leads to a delay in neoepidermal
transition to late keratinocyte terminal differentiation.
Inflammation. Inappropriately, excessive or poorly regulated
inflammation is a principal cause of delayed acute wound
healing in animal models and humans, and in the develop-
ment and persistence of chronic non-healing ulcers (reviewed
in Thomason and Hardman, 2009). Anagen promotion of
healing may be related to the widely ignored fact that anagen
skin (namely anagen II–IV) is in a state of relative immuno-
suppression (Hofmann et al., 1998; Paus et al., 2005).
Thus, we profiled immune cell composition and cytokine
expression in skin wounds from anagen versus telogen
hair-cycle stage (Figure 4). In each case, data presented
represent quantification of at least four fields per wound and
two wounds per mouse, with a single mouse acting as a
biological replicate (see Materials and Methods and
Figure 4a). Delayed healing in telogen skin wounds
correlated with increased innate immune cell (neutrophil
and macrophage)-granulation tissue infiltration (Figure 4b
and c). Arginase 1, an enzyme specifically involved in L-
arginine metabolism and previously associated with delayed
healing (Kampfer et al., 2003; Hardman and Ashcroft, 2008),
is also strongly upregulated in telogen skin wound tissue
(Figure 4d). Similarly, macrophage migration inhibitory factor
(MIF), a key pro-inflammatory mediator of delayed healing
(Hardman et al., 2005), is highly expressed in wounds
from telogen mouse skin (Figure 4e). Of note, the MIF
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receptor (CD74; Leng et al., 2003) and co-receptor (CD44;
Shi et al., 2006) displayed clear differential expression: CD74
unaffected by cycle stage (Figure 4f); CD44 mirroring MIF
expression (Figure 4g). Thus, inflammation is altered in
wounds from diverse hair-cycle stages, it is however unclear
whether observed inflammatory changes are causative
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(i.e., pre-disposing) or simply reflect the delayed healing
phenotype.
Angiogenesis, matrix deposition, and contraction. The highly
vascularized dermis undergoes significant remodeling during
both hair cycle and tissue repair. The skin blood vessel
network is more extensive during the anagen hair-cycle
phase (Mecklenburg et al., 2000; Yano et al., 2001), a finding
that we confirm in this study (Figure 5a–c). Moreover, we
report a significant additional increase in peri-wound mean
blood vessel length and diameter in anagen versus telogen
hair-cycle stage wounds (Figure 5d–f). We reasoned that
excessive inflammation and altered angiogenesis would
translate into changes in extracellular matrix. Indeed, we
report reduced collagen deposition within granulation tissue
of telogen skin wounds (Figure 5g, Picrosirius Red staining;
Junqueira et al., 1979). This change is wound specific, as no
difference in collagen was observed between anagen and
telogen normal skin (Figure 5g). Moreover, we observe little
difference in smooth muscle actin (myofibroblast marker)
localization between anagen and telogen wounds, suggesting
that altered contraction is unlikely to contribute to the
observed difference in wound closure (Figure 5h).
In summary, wounds from mice in the anagen stage of
the HF cycle display increased keratinocyte proliferation and
advanced progression to late terminal differentiation,
decreased immune cell infiltration, increased angiogenesis,
and accelerated matrix deposition. Thus, multiple wound
cell types and potentially complex mechanisms mediate
HF-specific effects on wound healing.
Gene expression analysis reveals extraordinary parity of
expression between hair-cycle stage and healing outcome
To more fully understand this complex connection between
anagen hair cycle and accelerated wound healing, compara-
tive analysis was carried out at the gene expression level,
exploiting two pre-existing microarray data sets (whole
murine skin—anagen versus telogen hair-cycle stage; Lin
et al., 2004 and whole murine wound—normal versus
delayed healing (ovariectomized mice); Hardman et al.,
2005; Figure 6a). In this context, estrogen was exploited as a
common and physiologically relevant link between hair
cycling (the hair cycle is estrogen regulated (Ohnemus et al.,
2004)) and repair (estrogen-deprived mice display delayed
healing (Ashcroft et al., 1997)). Amazingly, 180 probe sets
(25% of total) were conserved between data sets, encoding
129 genes. This represents a very strong correlation, as just 26
common probe sets would be expected by chance (binomial
probability of chance overrepresentation, P¼0). Indeed, this
association is even more significant in light of the diverse
nature of the compared studies, with differences in age,
strain, gender, microarray platform, and other variables.
Common genes were then apportioned to one of four
clusters, based on the direction of expression change in each
study (Figure 6a and b). Remarkably, 94% of all genes fell
into just two clusters, indicating that association between the
anagen hair-cycle stage and timely healing (Figure 1) is also
observed at the level of gene expression when comparing the
individual events of hair cycling and delayed wound healing
in isolation (Figure 6). We next identified the predominant
biological processes mediated by genes in each cluster
(DAVID/EASE analysis—see Materials and Methods; Figure
6b; Supplementary Table S1 online). Genes in cluster 1
(decreased in anagen and normal healing) predominantly
encoded extracellular proteins involved in processes such as
cell adhesion and inflammation. By contrast, a high propor-
tion of cluster 2 genes (increased in anagen and normal
healing) were associated with developmental processes and
transcriptional regulation (Figure 6c).
Quantitative PCR validation of array-identified genes was
carried out on anagen versus telogen wound samples to
confirm the link between bioinformatic and physiological
findings. Differential expression was confirmed in hair-cycle
modulated wound tissue for genes from both cluster 1 and 2
(Figure 6d). In addition, wound tissue localization of proteins
encoded by the genes Gj1a (Connexin (Cx) 43; cluster 1) and
Cd34 (cluster 2) was assessed (Figure 6e and f). In agreement
with microarray data, Cd34 showed increased localization to
dermal endothelium in anagen skin (Figure 6e), and
additional localization to outermost HF bulge keratinocytes
and suprabasal wound edge keratinocytes. Cx43, by contrast,
was localized to outer root sheath of HF and basal IFE
keratinocytes (Figure 6f). We observed strong expression in
telogen compared with anagen wound neoepidermis, further
validating our microarray analysis. Collectively, expression
profiling analyses indicate that multiple signaling pathways are
conserved between accelerated skin repair and HF morpholo-
gical changes that occur during the anagen phase of cycling.
DISCUSSION
Our findings demonstrate a major influence of HF cycling on
the efficiency of wound repair, which to our knowledge has
not previously been reported. We specifically exploited the
first endogenous hair cycle to systematically examine the
healing potential, as models of artificial HF cycle synchro-
nization, e.g., depilation, are known to induce a local wound
response (Matsuo et al., 2003). Importantly, differences
in healing ability are not due to variation in mouse
Figure 1. Wounds made in the anagen stage of hair cycle are smaller, indicating accelerated healing. (a) Macroscopic images 3 days post-wounding
show wounds of reduced size and hair regrowth in anagen skin. (b) Image analysis was used to measure day 3 wounds in female C57/Bl6 mice. Mice
wounded during the anagen phase of the hair cycle display accelerated healing as quantified by decreased wound area, (c) and increased percentage of
re-epithelialization (re-ep). The number on re-epithelialization bars denotes percentage of mice exhibiting fully re-epithelialized wounds. (d) Hematoxylin and
eosin-stained day 3 wound 5mm wax sections from C57/Bl6 mice, arrows denote wound margins (composite images). (e) Macroscopic images of excisional
wound timecourse. (f) Mice excisionally wounded in anagen display reduced planimetric wound area, (g) and increased histologically measured
re-epithelialization. Bar¼5mm (a), 400 mm (d), 1 cm (e). A, anagen; P, postnatal day; T, telogen. Mean data±SEM. *Po0.05, **Po0.01. Pairwise
Mann–Whitney U-test. n¼ 6–14.
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developmental age (i.e., between P27 and P50), as mice on
the extremes of this age window, but in the same cycle stage
(telogen), display near-identical healing (Figure 1). This is
now confirmed by studies in depilated adult mice of
equivalent age, which also display increased re-epithelializa-
tion in the anagen hair-cycle phase (data not shown).
Moreover, our data pinpoint the exact stage during healing
when hair cycle exerts this influence, mid-to-late anagen.
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Differences in hair-cycle stages thus represent a crucially
important variable to control for when designing mouse-
wounding experiments. Mice are currently used more than
any other species for wound studies. On the basis of the
magnitude of the changes observed in this study, we strongly
recommend that in all future wound-healing studies, animals
should be demonstrated to be at an equivalent hair-cycle
stage at the time of wounding. Any study design that does not
respect this rule will have to defend itself against the justified
criticism that differences in healing between test and control
groups may represent differences in HF cycling, rather than
the experimental variable. Indeed, to avoid such problems,
mechanical or pharmacological methods to artificially
synchronize HF cycling, such as cyclosporin A injection
(Chase, 1954; Paus et al., 1990, 1998), should be seriously
considered for future rodent wound-healing studies.
Vice versa, it deserves systematic exploration whether
inducing anagen in the periphery of slow-healing human skin
wounds could effectively accelerate acute wound healing in
elderly subjects, or promote the healing of chronic ulcers.
These chronic wounds (such as venous, diabetic, or pressure
ulcers) currently represent a major area of unmet clinical need
(reviewed in LeMaster and Reiber, 2006), that is set to increase
with the expanding global elderly population. Alternatively,
rather than targeting the HF per se, our study identified many
new biomarkers of hair–cycle-promoted healing that can be
functionally explored in future studies as potential new
therapeutic targets for delayed healing. In this respect, it will
be fascinating to explore the role of identified signaling/
transcription factor pathways in regenerative healing.
As a number of developmental pathways are re-capitu-
lated both during skin repair (Widelitz, 2008) and postnatal
HF cycling (Botchkarev and Paus, 2003; Schneider et al.,
2009), we looked in more detail at genes identified within the
cluster 2 ‘‘developmental process’’ Gene Ontology grouping.
The gap junction protein Connexin 43 (Cx43) is essential for
epidermal development (Maass et al., 2004) and is involved
in both wound healing and hair function. Cx43 knock down
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Figure 3. Altered keratinocyte differentiation in anagen skin wounds. Representative immunohistochemical localization of (a) keratin 14, (b) keratin 1,
(c) keratin 6, and (d) loricrin in normal skin and wounds from anagen and telogen cycle stages. (d) Delayed loricirin induction was observed in telogen wounds.
Box indicates comparable region used for immunohistomorphometric quantification. Bar¼ 400mm (a, b, d, c normal skin), 800 mm (c wound), 50mm (inset a, b, d).
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accelerates repair (Qiu et al., 2003), whereas Cx43 expres-
sion is increased in delayed healing diabetic wounds (Wang
et al., 2007) and Cx43 absence is a hallmark of human
epithelial HF stem cells (Kloepper et al., 2008). Another key
regulator of epithelial stem cell function and keratinocyte
differentiation in the context of both HF (Vauclair et al.,
2005) and wound healing (Thelu et al., 2002) is Notch1.
Notch1 signaling reportedly has opposing effects on different
skin compartments, with inactivation leading to loss of HF
but hyperproliferation of IFE (Lee et al., 2007).
Key cluster 2 transcription factors represent excellent
candidates to functionally link anagen skin with healing.
Examples include: basonuclin (Bnc), a basal layer and
follicular keratinocyte marker which correlates with HF
differentiation potential (Tseng and Green, 1994) and leads
to delayed wound healing when ablated (Zhang and Tseng,
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2007); vitamin D receptor (Vdr), the absence of which leads
to alopecia, premature aging, and inhibited repair of UV-
induced skin damage (Skorija et al., 2005; Ellison et al., 2008;
Keisala et al., 2009); the tumor suppressor Junb, a marker of
HF-bulge stem cell-derived keratinocytes in re-epithelializing
wounds (Tumbar et al., 2004), the absence of which delays
healing (Florin et al., 2006), and leads to the development of
skin ulcers (Meixner et al., 2008).
In summary, we report a substantial acceleration of wound
healing during the anagen phase of the hair cycle. Our
approach, combining profiling of key protein markers with a
bioinformatic comparison of two independently published
microarray data sets has revealed significant and previously
unappreciated overlap in the genes/processes orchestrating
remodeling of the skin during HF cycling and in response to
injury. It will now be important to determine whether the
observed accelerated healing is specifically due to changes in
properties of anagen HFs or due to more general anagen-
associated changes in skin structure. The immune cell, blood
vessel, and cell proliferation profile of anagen skin may
simply provide an optimal environment for tissue repair.
Alternatively, the cellular milieu of growth/transcription
factors at this cycle stage may promote repair. With further
careful experimentation, the HF may reveal new targets for
the development of therapeutics to accelerate delayed wound
healing in humans.
MATERIALS AND METHODS
Mouse wound healing studies
C57BL/6 mice were time-mated in house (BSF, Manchester, UK) with
all work carried out in accordance with UK home office regulations,
and following institutional ethical approval. Female mice were
anaesthetized, shaved, and either two 1-cm-long full thickness
incisions or two 6-mm full thickness excisions were made 1cm apart
on the dorsal skin at defined postnatal days from P27–P50
(Supplementary Figure S1 online) and were left to heal by secondary
intention. Mice were culled at day 3, wounds harvested, and bisected,
with half of each wound being processed for wax embedding, and
remaining half embedded in OCT medium (Thermo Fisher, Loughbor-
ough, UK), then stored at 80 1C. Normal skin samples were collected
from additional mice at each of the wounding time points and
processed for paraffin embedding, with HFs arranged in a longitudinal
orientation. These samples were used to confirm the initial hair-cycle
stage by quantitative histomorphometry (Muller-Rover et al., 2001).
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For BrdU analysis, mice received 40mgkg1 BrdU (Amersham, Little
Chalfont, UK) via intra-peritoneal injection 2 hours before killing, with
samples collected at 24, 48, and 72 hours post wounding.
Method for classification of HFs from a non-longitudinal
orientation
We have established a series of criteria for the classification of
hair-cycle stage from histological sections in which HFs have an
oblique transverse orientation, drawing upon accepted morphological
criteria (Chase, 1954; Paus et al., 1990; Muller-Rover et al., 2001). This
was essential as the necessary orientation of experimental wounds
(caudal–rostral) renders standard staging impossible. This staging
method, based on follicle depth within the tissue, depth and level of
pigmentation, and morphology, is described in Supplementary Figure
S2 online. When combined with mouse age, we were thus able to
precisely determine cycle stage in wound sections.
Histology, immunohistochemistry, and image analysis
5mm paraffin skin sections were cut (Leica, Milton Keynes, UK),
dewaxed into Xylene (Genta Medical, Tockwith, UK), and rehydrated
through alcohols before staining. Hematoxylin and eosin staining
was performed in Gill’s hematoxylin for 30 seconds (Vector,
Peterborough, UK), followed by 1% eosin for 1 second (Sigma, Poole,
UK). Picrosirius red staining solution was prepared as previously
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Cluster based on directional change
826 Probes
Hair cycle
Anagen versus telogen
Figure 6. Comparative analysis of previously published microarray data sets reveals that telogen hair cycle correlates with delayed healing at the level
of gene expression. (a) Schematic outline of analysis strategy. Briefly, comparison of independently generated microarray data sets from normal versus
delayed healing wounds and anagen versus telogen skin revealed 180 common probe sets. Probe sets/genes were subsequently clustered and analyzed for
biologically relevant overrepresentation. (b) The number of genes within each identified cluster. The majority were upregulated (blue; cluster 1) or
downregulated (red; cluster 2) in both telogen and delayed healing. Only 5% of genes fell in cluster 3 (yellow) or cluster 4 (green). (c) Selected gene ontology
groups specifically overrepresented in cluster 1 or cluster 2 with associated P-value. (d) Quantitative PCR validation confirms microarray changes in hair-cycle-
associated wound repair. (e, f) Immunohistochemical profiling of array-identified proteins Cd34 and Cx43. (e) Cd34 localizes to HF bulge and suprabasal wound
edge keratinocytes, and shows increased dermal endothelial staining in anagen skin. (f) Cx43 localizes to outer root sheath HF keratinocytes and basal IFE
keratinocytes. Neoepidermis in anagen wounds displays reduced Cx43 expression. Bar¼50 mm (e), 25 mm (f, NS and WE), 50mm (f, HF). Fold change±SEM.
n¼ 4. A, anagen; E, endothelial; HF, hair follicle; NS, normal skin; T, telogen; WE, wound edge. Dotted line denotes basement membrane; arrows denote
immunohistochemical staining.
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described (Junqueira et al., 1979), with sections stained for 1 hour.
Picrosirius-stained sections were visualized under a polarized light
microscope and camera (Nikon, Kingston upon Thames, UK).
Immunohistochemistry was performed on tissue sections from
wounds collected in anagen (P35) and telogen (P45) cycle stage via
the ABC method (Vectastain Elite, Vector; except Cd34 and Cx43,
detected using streptavidin–cy3 (Sigma)), with citrate (pH 6) used for
antigen retrieval, except BrdU that used HCl retrieval. Primary
antibody incubations were performed at the following dilutions:
keratin 1 (1:5,000), keratin 14 (1:1,000), keratin 6 (1:500; all keratin
antibodies from Covance, Princeton, NJ), loricrin (1:1,000; AbCam,
Cambridge, UK), BrdU (1:100; AbCam), neutrophil (1:250; Thermo
Fisher), Mac-3 (1:100; BD Bioscience, Oxford, UK), arginase-1
(1:100; Santa Cruz, Santa Cruz, CA), MIF (1:50; R&D systems,
Abingdon, UK), CD74 (1:100; BD Bioscience), CD44 (1:1,000;
eBioscience, Hatfield, UK), Cx43 (1:100; Invitrogen, Paisley, UK),
CD34 (1:200; Santa Cruz). Sections were counterstained with Gill’s
hematoxylin (Vector).
Images were captured using a spot insight camera and software.
Macroscopic images of excisions taken using a Fujifilm S570 camera
(Fujifilm, Bedford, UK). Quantitative parameters (wound area, percen-
tage of re-epithelialization and wound cell counts) were determined
using ImagePro plus (Media Cybernetics, Finchampstead, UK).
Percentage re-epithelialization was defined as the distance traveled
by both epithelial tongues divided by the distance needed to travel to
fully re-epithelialize the wound. Cell counts were derived from at least
four separate fields each from two wounds per mouse, encompassing
both granulation and peri-wound tissue (Figure 4a). In the case of BrdU
immunohistochemistry, only cells that could be positively identified as
either IFE or HF outer root sheath were analyzed. HF scoring was
confined to the area in the upper portion of the sub-cutis and dermis, to
specifically avoid matrix cells.
Immunohistochemical staining for angiogenesis using
PECAM-1 (CD31)
Cryosections were cut at 10 mm on a cryostat (Leica) and stained for
PECAM-1 immunoreactivity using a rat monoclonal antibody
1:2,000 in Tris-buffered saline (clone 13.3, Pharmingen, San Diego,
CA). PECAM-1 is a specific marker for endothelial cells (Couffinhal
et al., 1998; Horak et al., 1992). Immunostaining was performed as
previously reported (Mecklenburg et al., 2000) using the ABC
technique (Vectastain Elite-Kit, Vector). PECAM-1-stained mouse
skin sections were imaged (BZ-Analyzer, Keyence, Osaka, Japan),
and the length of 200 longitudinally cut vessels and the diameter of
70 transversally cut vessels (n¼ 4 mice/group) were measured in
sections of anagen and telogen skin.
Gene expression analysis
Differentially expressed genes identified and validated in two
previous studies (published array data sets across hair cycle (Lin
et al., 2004) and between normal and delayed healing wounds
(Hardman et al., 2005)) were compared. Specifically, genes were
identified which showed (a) statistically significant (f-test) ±2-fold
change between anagen stage whole skin (P14) and telogen stage
whole skin (P23; Lin et al., 2004) and (b) statistically significant
(cyber t-test) ±1.5-fold change between normally healing and
delayed healing (ovariectomized mouse) wounds, which were
re-analyzed histologically to confirm identical hair-cycle stage
(telogen). Genes found to be expressed in both data sets, 180 probes
out of 771 (binomial probability of random overrepresentation;
P¼ 0), were assigned to four distinct clusters based upon direction of
expression change (Figure 5). Gene ontology overrepresentation
analysis was carried out using DAVID/EASE analysis (Hosack et al.,
2003), with a P-value of 0.05 deemed significant.
RNA isolation, cDNA synthesis, and quantitative PCR
Total RNA was isolated from frozen tissue by homogenizing in Trizol
reagent (Invitrogen). cDNA was transcribed from 1 mg of RNA (RT
kit, Promega, Southampton, UK) and quantitative PCR performed
using the SYBR green I core kit (Eurogentec, Southampton, UK) and
an Opticon quantitative PCR thermal cycler (Bio-Rad, Hemel
Hempstead, UK). For each primer set, an optimal dilution was
determined and melting curves were used to determine amplifica-
tion specificity. Each sample was serially diluted over three orders of
magnitude, and for each primer, all samples were analyzed on the
same 96-well plate. Primer sequences are listed in Supplementary
Table S2 online. Gene expression was determined relative to a
standard sample and was normalized using a value derived from
primer sets to 18 seconds rRNA and the housekeeping gene Gapdh.
Statistical analysis
One way analysis of variance test was used for multiple compar-
isons, followed by Pairwise Mann–Whitney U-tests. All other
comparisons were via two-tailed Students t-test assuming unequal
variances (Simfit, University of Manchester, Manchester, UK).
CONFLICT OF INTEREST
The authors state no conflict of interest.
ACKNOWLEDGMENTS
This work was supported by grants from Research into Ageing, BBSRC, and
Epistem to MJH, and fromManchester NHRS Biomedical Research Centre to RP.
SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/jid
REFERENCES
Ashcroft GS, Dodsworth J, van Boxtel E et al. (1997) Estrogen accelerates
cutaneous wound healing associated with an increase in TGF-beta1
levels. Nat Med 3:1209–15
Bishop GH (1945) Regeneration after experimental removal of skin in man.
Am J Anat 76:153–81
Botchkarev VA, Paus R (2003) Molecular biology of hair morphogenesis:
development and cycling. J Exp Zool B Mol Dev Evol 298:164–80
Chase HB (1954) Growth of the hair. Physiol Rev 34:113–26
Chase HB, Rauch R, Smith VW (1951) Critical stages of hair development and
pigmentation in the mouse. Physiol Zool 24:1–8
Couffinhal T, Silver M, Zheng LP, Kearney M, Witzenbichler B, Isner JM
(1998) Mouse model of angiogenesis. Am J Pathol 152:1667–79
Ellison TI, Smith MK, Gilliam AC et al. (2008) Inactivation of the vitamin D
receptor enhances susceptibility of murine skin to UV-induced
tumorigenesis. J Invest Dermatol 128:2508–17
Florin L, Knebel J, Zigrino P et al. (2006) Delayed wound healing and
epidermal hyperproliferation in mice lacking JunB in the skin. J Invest
Dermatol 126:902–11
Gharzi A, Reynolds AJ, Jahoda CA (2003) Plasticity of hair follicle dermal cells
in wound healing and induction. Exp Dermatol 12:126–36
www.jidonline.org 527
DM Ansell et al.
Hair Follicle Cycling Alters Wound Healing
Hardman MJ, Ashcroft GS (2008) Estrogen, not intrinsic aging, is the major
regulator of delayed human wound healing in the elderly. Genome Biol
9:R80
Hardman MJ, Waite A, Zeef L et al. (2005) Macrophage migration inhibitory
factor: a central regulator of wound healing. Am J Pathol 167:1561–74
Hofmann U, Tokura Y, Ruckert R et al. (1998) The anagen hair cycle induces
systemic immunosuppression of contact hypersensitivity in mice. Cell
Immunol 184:65–73
Horak ER, Leek R, Klenk N, LeJeune S, Smith K, Stuart N et al. (1992)
Angiogenesis, assessed by platelet/endothelial cell adhesion molecule
antibodies, as indicator of node metastases and survival in breast cancer.
Lancet 340:1120–4
Hosack DA, Dennis G Jr, Sherman BT, Lane HC, Lempicki RA (2003)
Identifying biological themes within lists of genes with EASE. Genome
Biol 4:R70
Ito M, Liu Y, Yang Z et al. (2005) Stem cells in the hair follicle bulge
contribute to wound repair but not to homeostasis of the epidermis. Nat
Med 11:1351–4
Jahoda CA, Reynolds AJ (2001) Hair follicle dermal sheath cells: unsung
participants in wound healing. Lancet 358:1445–8
Jahoda CA, Whitehouse J, Reynolds AJ et al. (2003) Hair follicle dermal cells
differentiate into adipogenic and osteogenic lineages. Exp Dermatol
12:849–59
Junqueira LC, Bignolas G, Brentani RR (1979) Picrosirius staining plus
polarization microscopy, a specific method for collagen detection in
tissue sections. Histochem J 11:447–55
Kampfer H, Pfeilschifter J, Frank S (2003) Expression and activity of arginase
isoenzymes during normal and diabetes-impaired skin repair. J Invest
Dermatol 121:1544–51
Keisala T, Minasyan A, Lou YR et al. (2009) Premature aging in vitamin D
receptor mutant mice. J Steroid Biochem Mol Biol 115:91–7
Kloepper JE, Tiede S, Brinckmann J et al. (2008) Immunophenotyping of the
human bulge region: the quest to define useful in situ markers for human
epithelial hair follicle stem cells and their niche. Exp Dermatol
17:592–609
Langton AK, Herrick SE, Headon DJ (2008) An extended epidermal response
heals cutaneous wounds in the absence of a hair follicle stem cell
contribution. J Invest Dermatol 128:1311–8
Lau K, Paus R, Tiede S et al. (2009) Exploring the role of stem cells in
cutaneous wound healing. Exp Dermatol 18:921–33
Lee J, Basak JM, Demehri S et al. (2007) Bi-compartmental communication
contributes to the opposite proliferative behavior of Notch1-deficient
hair follicle and epidermal keratinocytes. Development 134:2795–806
LeMaster J, Reiber GE (2006) Epidemiology and Economic impact of foot
ulcers. In: The Foot in Diabetes (Boulton A, Cavanagh PR, Rayman G,
eds). 4th edn. John Wiley & Sons, Chichester, England
Leng L, Metz CN, Fang Y et al. (2003) MIF signal transduction initiated by
binding to CD74. J Exp Med 197:1467–76
Levy V, Lindon C, Harfe BD et al. (2005) Distinct stem cell populations
regenerate the follicle and interfollicular epidermis. Dev Cell 9:855–61
Levy V, Lindon C, Zheng Y et al. (2007) Epidermal stem cells arise from the
hair follicle after wounding. FASEB J 21:1358–66
Lin KK, Chudova D, Hatfield GW et al. (2004) Identification of hair cycle-
associated genes from time-course gene expression profile data by using
replicate variance. Proc Natl Acad Sci USA 101:15955–60
Maass K, Ghanem A, Kim JS et al. (2004) Defective epidermal barrier in
neonatal mice lacking the C-terminal region of connexin43. Mol Biol
Cell 15:4597–608
Matsuo K, Mori O, Hashimoto T (2003) Plucking during telogen induces
apoptosis in the lower part of hair follicles. Arch Dermatol Res 295:33–7
Mecklenburg L, Tobin DJ, Muller-Rover S et al. (2000) Active hair growth
(anagen) is associated with angiogenesis. J Invest Dermatol 114:909–16
Meixner A, Zenz R, Schonthaler HB et al. (2008) Epidermal JunB represses
G-CSF transcription and affects haematopoiesis and bone formation. Nat
Cell Biol 10:1003–11
Muller-Rover S, Handjiski B, van der Veen C et al. (2001) A comprehensive
guide for the accurate classification of murine hair follicles in distinct
hair cycle stages. J Invest Dermatol 117:3–15
Nishimura EK, Jordan SA, Oshima H et al. (2002) Dominant role of the niche
in melanocyte stem-cell fate determination. Nature 416:854–60
Ohnemus U, Unalan M, Handjiski B et al. (2004) Topical estrogen accelerates
hair regrowth in mice after chemotherapy-induced alopecia by favoring
the dystrophic catagen response pathway to damage. J Invest Dermatol
122:7–13
Paus R, Nickoloff BJ, Ito T (2005) A ‘‘hairy’’ privilege. Trends Immunol 26:32–40
Paus R, Stenn KS, Link RE (1990) Telogen skin contains an inhibitor of hair
growth. Br J Dermatol 122:777–84
Paus R, van der Veen C, Eichmuller S et al. (1998) Generation and cyclic
remodeling of the hair follicle immune system in mice. J Invest Dermatol
111:7–18
Pepper F (1954) The epithelial repair of skin wounds in the guinea-pig in
special reference to the participation of melanocytes. J Morphol
95:471–99
Qiu C, Coutinho P, Frank S et al. (2003) Targeting connexin43 expression
accelerates the rate of wound repair. Curr Biol 13:1697–703
Schneider MR, Schmidt-Ullrich R, Paus R. (2009) The hair follicle as a
dynamic miniorgan. Curr Biol 19:R132–42
Shi X, Leng L, Wang T et al. (2006) CD44 is the signaling component of the
macrophage migration inhibitory factor-CD74 receptor complex.
Immunity 25:595–606
Skorija K, Cox M, Sisk JM, Dowd DR, MacDonald PN, Thompson CC et al.
(2005) Ligand-independent actions of the vitamin D receptor maintain
hair follicle homeostasis. Mol Endocrinol 19:855–62
Snippert HJ, Haegebarth A, Kasper M et al. (2010) Lgr6 marks stem cells in the
hair follicle that generate all cell lineages of the skin. Science 327:1385–9
Stenn KS, Paus R (2001) Controls of hair follicle cycling. Physiol Rev
81:449–94
Straile WE, Chase HB, Arsenault C (1961) Growth and differentiation of hair
follicles between periods of activity and quiescence. J Exp Zool
148:205–21
Thelu J, Rossio P, Favier B (2002) Notch signalling is linked to epidermal cell
differentiation level in basal cell carcinoma, psoriasis and wound
healing. BMC Dermatol 2:7
Thomason HA, Hardman MJ. (2009) Delayed wound healing in elderly
people. Rev Clin Gerontol 19:171–84
Tiede S, Kloepper JE, Bodo E et al. (2007) Hair follicle stem cells: walking the
maze. Eur J Cell Biol 86:355–76
Tiede S, Kloepper JE, Ernst N et al. (2009) Nestin in human skin: exclusive
expression in intramesenchymal skin compartments and regulation by
leptin. J Invest Dermatol 129:2711–20
Tseng H, Green H (1994) Association of basonuclin with ability of
keratinocytes to multiply and with absence of terminal differentiation. J
Cell Biol 126:495–506
Tumbar T, Guasch G, Greco V et al. (2004) Defining the epithelial stem cell
niche in skin. Science 303:359–63
Vauclair S, Nicolas M, Barrandon Y et al. (2005) Notch1 is essential for
postnatal hair follicle development and homeostasis.Dev Biol 284:184–93
Wang CM, Lincoln J, Cook JE, Becker DL (2007) Abnormal connexin
expression underlies delayed wound healing in diabetic skin. Diabetes
56:2809–17
Widelitz RB (2008) Wnt signaling in skin organogenesis. Organogenesis
4:123–33
Yano K, Brown LF, Detmar M (2001) Control of hair growth and follicle size
by VEGF-mediated angiogenesis. J Clin Invest 107:409–17
Zawacki BE, Jones RJ (1967) Standard depth burns in the rat: the importance
of the hair growth cycle. Br J Plast Surg 20:347–54
Zhang X, Tseng H (2007) Basonuclin-null mutation impairs homeostasis and
wound repair in mouse corneal epithelium. PLoS One 2:e1087
528 Journal of Investigative Dermatology (2011), Volume 131
DM Ansell et al.
Hair Follicle Cycling Alters Wound Healing
